New U-Pb perovskite ages reveal that diamondiferous ultramafic lamprophyre magmas erupted through the Archean crust of northern Labrador and Quebec (eastern Canada) .2). These contrasting isotopic characteristics of aillikites/carbonatites and mela-aillikites, along with subtle differences in their modal carbonate, SiO 2 , Al 2 O 3 , Na 2 O, Cs-Rb, and Zr-Hf contents, are consistent with two distinctive metasomatic assemblages of different age in the mantle magma source region.
INTRODUCTION
Carbonatites and lamproites are some of the most extreme partial melting products of mantle materials that have been previously enriched in incompatible elements and volatiles. On the basis of experimental studies they appear to represent opposite ends of the volatile spectrum; carbonatites clearly require abundant CO 2 in the source (Wyllie and Huang, 1975; Olafsson and Eggler, 1983; Eggler, 1989; Wyllie, 1989) , whereas lamproites require H 2 Orich sources (Arima and Edgar, 1983b; Foley et al., 1987; Edgar and Vukadinovic, 1992) in which carbon, if present in any abundance at all, probably exists as CH 4 (Foley et al., 1986; Foley, 1993) . Coupled to these distinctive volatile compositions in the source regions, carbonatites and lamproites each have highly specific characteristics as regards major element composition and incompatible element distribution, indicating contrasting source enrichment styles that resulted in specific metasomatic assemblages (Green and Wallace, 1988; Meen et al., 1989; Foley, 1992a,b; Thibault et al., 1992; Mitchell, 1995; Chakhmouradian, 2006) . In this paper we present the case for the concurrent melting of two such contrasting metasomatic assemblages that had been introduced into the North Atlantic craton (NAC) mantle lithosphere at different times. The outcome was a suite of carbonate-potassic silicate magmas, the Torngat ultramafic lamprophyres, which form a diamondiferous dyke swarm across northern Labrador and easternmost Quebec, Canada (Tappe et al., 2004) .
The Torngat ultramafic lamprophyre (UML) suite comprises rare dolomite carbonatite and abundant aillikite, which is the carbonate-rich UML variant. Aillikite compositionally grades into carbonate-poor (to carbonate-free) varieties, for which we introduced the term mela-aillikite (Tappe et al., 2004 (Tappe et al., , 2005 . Although we previously noted these mela-aillikites can have mineralogical similarities to olivine lamproites, i.e., the occurrence of olivine and phlogopite phenocrysts with groundmass high-Ti potassian richterite, they differ from olivine lamproites in being significantly SiO 2 -undersaturated (30-37 wt% as opposed to 41-46 wt% SiO 2 for typical olivine lamproites; Mitchell and Bergman, 1991; Foley, 1993) . This points to aillikite and, importantly, mela-aillikite magma generation in the presence of CO 2 (cf. Green and Falloon, 1998) , a volatile species not essential in the genesis of lamproites (Foley et al., 1986) . Previously, CO 2 degassing during UML magma emplacement was suggested as a possible explanation for the Torngat aillikite/carbonatite and mela-aillikite compositional continuum (Tappe et al., 2004) .
In this study we report U-Pb perovskite ages, radiogenic (Sr-Nd-Hf-Pb) and stable (C-O) isotope compositions of the Torngat UML suite complemented by data from newly discovered UML dykes from the northern Labrador coast (Fig. 1) . We argue that the UML magmas formed by melting of a young phlogopite-carbonate dominated vein assemblage, which caused carbonate-fluxed fusion of ancient cratonic MARID-type veins and the peridotite substrate. If this mechanism gave rise to the aillikite/ carbonatite and mela-aillikite continuum described here, then it appears that the Torngat case straddles conceptual borderlines between carbonatite and lamproite magma geneses. It may thus provide an alternative perspective on the origin of deep volatile-rich magmas (e.g., orangeites and kamafugites) and the processes that surround alkaline melt production at high pressures.
BACKGROUND

North Atlantic craton, Torngat Mountains, and diamondiferous UML dykes
Two contrasting Archean domains are juxtaposed in northern Labrador (Fig. 1) . The Early Archean Saglek block to the east shares many compositional and structural features with the tonalitic crust of western Greenland and, thus, was assigned to the North Atlantic craton (Bridgwater et al., 1973) . The reworked Late Archean block to the west is poorly understood and has been variably assigned to the Churchill (Rae subdomain) or the Superior provinces (Korstgård et al., 1987; Rivers et al., 1996; Wardle et al., 2002) . Less uncertain, however, is that these two ancient terranes collided at about 1900 to 1800 Ma (Hoffman, 1990) , from then on forming an integral part of the supercraton Laurentia (Hoffman, 1988) . The Paleoproterozoic suture zones form high-grade orogenic belts with steep topography, for example the Torngat Mountains of northern Labrador and Quebec (Rivers et al., 1996) .
Numerous UML dykes occur in northern Labrador and Quebec following a northwest to northeast trend (300°to 060°). They are undeformed, up to 3-m-wide, steeply dipping (>45°), and individual segments can be traced for several kilometres along strike. Digonnet et al. (2000) reported a 40 Ar/ 39 Ar phlogopite age of 550 ± 15 Ma (2r) for an aillikite dyke from Abloviak Fjord in the Torngat Mountains of northern Quebec. Tappe et al. (2004) demonstrated the extension of this UML swarm into Labrador to the southeast and emphasized the compositional diversity. The aillikite/carbonatite and mela-aillikite dyke varieties recognized in the Abloviak Fjord region were collectively referred to as 'Torngat UML' by Tappe et al. (2004) , who determined an U-Pb perovskite emplacement age of 584.0 ± 3.6 Ma (2r) for aillikite dyke Q39. These dykes intruded an area that is at least 1500 km 2 in size and, thus, form one of the largest known UML swarms. Some of the Torngat UMLs contain sparse but high-quality diamonds (up to 0.685 carats; Twin Mining Annual Report 2002; http://www.sedar.com). The Torngat samples provide the basis for this isotope study and we have included new UML samples from the northern Labrador coast at Hebron, Saglek, Eclipse Harbour, and Killinek Island in order to examine potential variations among UMLs from different cratonic entities. These four coastal Labrador samples are hereafter collectively referred to as the 'Saglek block UML' (Fig. 1 ).
Aillikite/carbonatite and mela-aillikite compositional continuum
Aillikite is the carbonate-rich member of the UML group (Rock, 1991; Tappe et al., 2005) , which encompasses olivine-and phlogopite-bearing hypabyssal rocks (Fig. 2) derived from a volatile-rich, potassic, SiO 2 -poor parental magma. In general, aillikite dykes are often found in the Wardle et al., 2002) . The Torngat and Saglek block UML dyke occurrences investigated during this study are shown as black Xs. The new U-Pb perovskite ages and 2r errors are given in brackets. The inset map provides an overview of the northeastern Canadian-Greenland Shield with grey-shaded areas representing the North Atlantic craton with surrounding mobile belts on either side of the Labrador Sea. Mesoproterozoic olivine lamproite (ca. 1400 to 1200 Ma) and Neoproterozoic UML/carbonatite (ca. 610 to 550 Ma) occurrences in the vicinity of the Labrador Sea are also shown. Note that the position of Greenland is restored for Cenozoic continental drift due to now extinct sea-floor spreading in the Labrador Sea (modified from Tappe et al., 2007) . Tectonic features and alkaline rock occurrences mentioned in the text are abbreviated as follows: ASZ, Abloviak shear zone; KSZ, Komaktorvik shear zone; N, Napoleon Bay; S, Saglek block; SSM, Sisimiut-Sarfartoq-Maniitsoq areas; T, Torngat Mountains.
vicinity of carbonatite intrusions and can be observed grading into varieties of carbonatite where they have >50 vol % modal carbonate. Recently, Mitchell (2005) suggested a lower limit of 30 vol % carbonate in order to reinforce the genetic link between, for example, some aillikites and carbonatites. Prime examples of this association are observed at Fen in Scandinavia (e.g., Dahlgren, 1994) , Sarfartoq in western Greenland (e.g., Larsen and Rex, 1992; Mitchell et al., 1999) , and Aillik Bay in central Labrador (e.g., Tappe et al., 2006) . However, regional aillikite dyke swarms also Fig. 2 . Overview thin section scans (left) and photomicrographs (plane polarized light, right) of the northern Labrador aillikite/carbonatite and mela-aillikite dyke rocks: (a) Fine-grained dolomite carbonatite Q13 containing few olivine macrocrysts (Ol-mc) and pyrope garnet xenocrysts (Gnt-xc) set in a dolomite and phlogopite dominated matrix. (b) Photomicrograph of dolomite carbonatite Q13 showing the dolomite (Dol) and phlogopite (Phl) dominated matrix plus rutile (Rut) grains and ilmenite (Ilm) laths. (c) Porphyritic aillikite Q34 containing abundant olivine (Olpc) and phlogopite phenocrysts, as well as rare olivine macrocrysts set in a carbonate groundmass.(d) Photomicrograph of aillikite Q34 showing olivine, phlogopite, chromian spinel (Cr-Spl), and perovskite (Prv) microphenocrysts in a calcite (Cal) groundmass. (e) Intergranular melaaillikite Q15 with abundant phlogopite plates, clinopyroxene (Cpx) prisms, and ilmenite laths. Rare carbonate is restricted to the interstices between mafic silicate crystals. (f) Photomicrograph of Hebron mela-aillikite ST263 exhibiting diopside-rich clinopyroxene and titanian magnesiokatophorite-rich richteritic amphibole prisms (Rcht) that are confined to interstitial space between large phlogopite plates. Note furthermore the fresh olivine, magnetite (Mag), and perovskite microphenocrysts that are typically enclosed by phlogopite plates. occur in areas where there is no indication of central-complex carbonatite intrusions, such as in the Torngat Mountains. In this area, Late Neoproterozoic aillikite/ carbonatite and carbonate-poor mela-aillikite dykes co-exist, and appear to represent a compositional continuum between carbonate-rich and carbonate-free end-members. The following provides background information about the Torngat UMLs summarized from Tappe et al. (2004) .
The Torngat mela-aillikites contain significant groundmass clinopyroxene and rare richteritic amphibole instead of abundant primary carbonate (Fig. 2) . This reflects lower CO 2 (<5 wt%), but slightly elevated SiO 2 (30-37.4 wt%), Al 2 O 3 (4-6 wt%), and Na 2 O (0.3-0.9 wt%) contents compared to the aillikite magma (3-22 wt% CO 2 ; 22-30 wt% SiO 2 ; 2.2-4.4 wt% Al 2 O 3 ; <0.3 wt% Na 2 O; Fig. 3 ). However, Torngat aillikites and mela-aillikites have overlapping high MgO (12-24 wt%), Ni (229-1110 ppm), and Cr (290-1570 ppm) contents and, thus, cannot be related by fractional crystallization of spinels and/or common mafic silicate minerals such as olivine. Furthermore, overlapping high TiO 2 (3-10 wt%) and K 2 O (1.4-3.5 wt%; Fig. 3 ) excludes a genetic link between the UML varieties by fractionation or accumulation of Ti-oxides and/or phlogopite. Some aillikites are conspicuously richer in ferric iron than mela-aillikites (0.4-2.3 vs. 0.7-1.7 Fe 2 O 3 /FeO) at similar bulk-rock total iron contents, implying these magmas record different primary oxidation states (Tappe et al., 2004) .
Based on their mineral assemblages and compositions, Tappe et al. (2004) interpreted the Torngat aillikites and mela-aillikites as being derived from a common magma but following different crystallization paths due to CO 2 loss, distinctive cooling histories, and variable redox conditions during emplacement. Here, we utilize tracer isotope ratios that allow us to formulate a more robust model in which the aillikite/carbonatite and mela-aillikite compositional continuum is related to the melting process of a common but heterogeneous upper mantle source region.
ANALYTICAL TECHNIQUES
U-Pb perovskite geochronology
Two aillikite and five mela-aillikite hand specimens were processed through standard crushing and mineral separation procedures (Wilfley table, methylene iodide, Frantz isodynamic separator) at the University of Alberta following the techniques described in Heaman and Kjarsgaard (2000) . Perovskite recovery was best in 20-100 lm range. Fresh euhedral crystals without visible inclusions were individually selected, collected as morphologic fractions and dissolved in a mixture of HF and HNO 3 (typically more than 100 grains per fraction to obtain >50 lg aliquots). A Pb model age. Uranium and Pb were isolated and concentrated from perovskite using a HBr anion exchange chromatography technique. The isotopic composition of these elements was measured on a VG354 thermal ionization mass spectrometer operating in analogue Daly mode. All isotopic data reported in Table 1 were corrected for mass discrimination (0.105%/amu Pb and 0.123%/amu U), tracer, and blank contribution. The presence of initial common lead was corrected using the terrestrial lead evolution model of Stacey and Kramers (1975 U perovskite ages were shown to be most robust because they are least sensitive to this initial common lead correction (Heaman, 1989; Heaman and Kjarsgaard, 2000) .
Bulk-rock major and trace element composition
Rock powders of <20 lm grain size were prepared in an agate planetary ball mill at the Universities of Greifswald and Mainz (Germany) and supplied to Activation Laboratories (Ancaster, Canada) for analyses. Major elements and selected trace elements were determined using a fusion digestion and ICP-AES; and representative analyses have already been published in Tappe et al. (2004) . Some samples were additionally analyzed by XRF on fused glass discs at the Universities of Greifswald and Mainz. Results of the two techniques agree within analytical uncertainty. Rare earth elements and other trace elements (e.g., Nb, Th, U) were analysed using an acid dissolution and ICP-MS. The U and Pb concentrations of those samples analyzed for Pb isotope composition were determined by ID-TIMS in Potsdam (Germany) using a mixed 235 U-
208
Pb tracer. Concentrations for elements determined by ICP-MS and XRF (e.g., Sr, Ce, Y, Zr, U, Th, and Pb), as well as ID-TIMS (U and Pb) compare within analytical error. Volatiles were determined by a combination of loss on ignition (corrected for the conversion of FeO to Fe 2 O 3 ) and direct determination of CO 2 using a C-S analyser.
Bulk-rock Sr-Nd-Hf-Pb isotope composition
Isotope compositions were determined on the same bulk-rock powders as the major and trace element contents. Two sample dissolution setups were tested: (1) Powders were loaded together with HF/HNO 3 in microcapsules, which were placed together in an external Teflon-lined steel autoclave, and heated in an oven at 160°C for 7 days. (2) Powders were attacked in a HF/HNO 3 mixture in Savillex beakers on a hotplate for 3 days. Subsequently, the HF/HNO 3 mixture from both acid digestion procedures was gently evaporated to incipient sample dryness. The sample material was then taken up in 6 N HCl and heated again until a clear solution was obtained; i.e., for 2-3 days. This test indicated complete sample dissolution without bombs, because the measured Hf isotope composition of duplicate pairs of aillikite Q24 and melaaillikite Q23 are identical within analytical error (Electronic Annex A). Thus, the less tedious powder digestion procedure using Savillex beakers was applied for the remainder of the samples.
Sr and Nd were separated and concentrated by standard procedures using Bio-Rad AG50W cation and Eichrom Ln-Spec anion exchange resin, respectively. Sr and Nd isotope compositions were measured on a VG 54-30 Sector (Ta single filaments) and Finnigan MAT 262 (Re double filaments) thermal ionization mass spectrometer, respectively, in dynamic mode (GFZ Potsdam, Germany Nd value of 0.511850 ± 7 (2r S.D. for 11 measurements).
Hf was separated using Eichrom Ln-Spec anion exchange resin following the procedure described by Mü nker et al. (2001) . The Hf isotopic composition was analyzed by plasma ionization multicollector mass spectrometry (MC-ICP-MS) on a Nu Plasma multicollector ICP-MS instrument in static mode (MPI Mainz, Germany) and all isotope ratios were corrected with an exponential fractionation law using Major element oxide vs. SiO 2 (wt%) for the Torngat and Saglek block aillikite/carbonatite and mela-aillikite dykes. The dashed field shows the compositional range of six near-solidus melts including 1r errors produced experimentally from synthetic carbonated peridotite in a simple CMAS-CO 2 system at 6 GPa (Dalton and Presnall, 1998) . The grey box with the cross shows the area covered by two experimental melt compositions produced from a synthetic MARID-type starting material in a Ti-KNCMASH system at 4 and 8 GPa (Konzett, 1997) . Other UML/carbonatite intrusives from central Labrador (Aillik Bay), western Greenland, and eastern Quebec of various ages belonging to the aillikite-carbonatite association are shown for comparison. Data sources are available from the first author upon request. Hf of 0.282168 ± 17 (2r SD for 48 measurements) during the measurement period. This is in good agreement with the long-term average of 0.282161 ± 16 (2r SD for 415 measurements).
Pb from rock powders was separated using anion exchange resin Bio-Rad AG1-X8 applying the HCl-HBr technique described by Romer et al. (2005) (Jaffey et al., 1971; Steiger and Jäger, 1977) .
Carbon and oxygen isotope composition
The carbon and oxygen isotope composition of bulk-rock carbonate fractions was measured at the University of Alberta, Canada. Rock powders were reacted with anhydrous H 3 PO 4 under vacuum at 25°C for ca. 24 h in order to liberate CO 2 . CO 2 gas recoveries were close to 100% of theoretical yields so no isotope fractionation during dissolution should have occurred. We applied acid fractionation factors of 1.01025 and 1.01178 to calcite-and dolomite-bearing samples, respectively. The purified CO 2 was analysed using a Finnigan MAT-252 gas source mass spectrometer and measured isotope ratios are expressed as d 
NEW U-PB PEROVSKITE AGES
U-Pb perovskite ages were determined for seven individual UML dykes from the Torngat Mountains and the Saglek block along the western NAC edge (Fig. 1) . Data are reported in Table 1 and illustrated in Fig. 4 . In general, the uranium contents (44-170 ppm) and Th/U ratios (1.1-13.1) of perovskite isolated from these UML dykes are similar to perovskite from North American kimberlites (Heaman and Kjarsgaard, 2000) . However, perovskite from the Saglek mela-aillikite ST264 has a higher than average Th/U ratio of 27.5.
A second perovskite fraction from the previously dated Torngat aillikite dyke Q39 (Tappe et al., 2004) was analyzed during this study and yielded a 206 Pb/ 238 U age of 578.5 ± 3.8 Ma, which is similar to the published age of 584.0 ± 3.6 Ma (errors are quoted at the 2r level of uncertainty throughout the text). Hence, a weighted average 206 Pb/ 238 U age of 581.4 ± 2.6 Ma is considered the best estimate for emplacement of this aillikite dyke. Perovskite from Torngat mela-aillikite dyke Q15 yielded a similar 206 Pb/ 238 U age of 578.9 ± 5.2 Ma. The age of Torngat aillikite dyke Q24 is slightly older at 602.2 ± 6.4 Ma and represents the oldest emplacement age yet determined from the Torngat UML dyke swarm. If only these U-Pb age determinations are taken into account, then the Torngat aillik- Digonnet et al. (2000) .
Taken together, the new 206 Pb/ 238 U perovskite ages obtained for aillikite and mela-aillikite dykes from the Torngat Mountains and Saglek block indicate that the entire area was subjected to carbonate-potassic silicate magma production during the Late Neoproterozoic between ca. 610 and 565 Ma. These currently available age data, however, do not allow better resolution of the timing of UML/carbonatite magmatism within this area. Considering the region covered in Fig. 1 , time equivalents occur in the Aillik Bay area, central Labrador coast (ca. 590 to 555 Ma; Tappe et al., 2006) and in the Sisimiut-Sarfartoq-Maniitsoq areas of West Greenland (ca. 610 to 550 Ma; Larsen and Rex, 1992; Heaman, 2005) at the southern and northern NAC margins, respectively. In the greater North Atlantic region, Late Neoproterozoic UML/carbonatite occurrences are known from the St. Lawrence Valley Rift system (e.g., Doig and Barton, 1968; Gittins et al., 1975) and the Scandinavian Peninsula (e.g., Doig, 1970; Brueckner and Rex, 1980; Dahlgren, 1994) .
MAGMA COMPOSITIONS
Major and compatible trace element compositions of the Torngat UML are summarized in Section 2.2 and Fig. 3 ; more detailed descriptions can be found in Tappe et al. (2004) . The new mela-aillikite samples from the Saglek block compositionally resemble their Torngat analogues and mineralogical descriptions are provided as Electronic annex B. All bulk-rock chemical analyses for the Torngat and Saglek block UML are given in Table 2 . The bulk-rock Sr-Nd-Hf-Pb as well as carbon and oxygen isotope compositions are listed in Table 3 . The complete dataset is available online as Electronic annex A.
Incompatible elements
Torngat aillikites/carbonatites and mela-aillikites, as well as Saglek block mela-aillikites have high incompatible element abundances with similar primitive upper mantle (PUM; Palme and O'Neill, 2003) normalized element distributions (Fig. 5) . They resemble the carbonate-rich type aillikites from Aillik Bay, central Labrador (Tappe et al., 2006 (Tappe et al., , 2007 . However, a few subtle but petrogenetically important differences in the incompatible element distribution exist between Torngat aillikites and mela-aillikites on the one hand, and between the Torngat UML and the type rocks from Aillik Bay on the other hand (Fig. 5) .
In general, the LFSE, HFSE, and LREE show high concentration levels of up to 700 Â PUM, whereas the HREE content is low (below 5 Â PUM for Yb and Lu). The LREE/HREE fractionation is extreme in both Torngat aillikites and mela-aillikites with chondrite normalized La/ Yb CN ranging between 70 and 180. Pronounced relative depletions occur at K, Pb, Sr-P, and Zr-Hf in a PUM-normalized multi-element diagram, mainly due to the extreme enrichment of similarly incompatible Nb-Ta and the LREE (Fig. 5) . A minor trough exists at U, which is in contrast to the U spike in the Aillik Bay pattern.
Torngat aillikites have slightly higher Cs but lower Rb concentrations (lower Rb/Cs; Figs. 6 and 7) at a given K content compared to the majority of mela-aillikites. The characteristic Zr-Hf trough in the aillikite/carbonatite incompatible element pattern (ZrHf * = 0.1-0.6; ZrHf * defined as PUM-normalized (Zr + Hf)/(Nd + Sm)) is absent from some of the most Ti-rich Torngat and Saglek block mela-aillikites, which have ZrHf * greater than 0.7 (Figs. 5 and 6). This marked Zr-Hf increase at only slightly increasing Nb-Ta and constant LREE content from aillikites/carbonatites towards carbonate-poor mela-aillikites is furthermore evident from elevated Zr/Nb, Zr/Nd, and Zr/ Sm ratios of the mela-aillikites (Fig. 7) . The highest ZrHf * samples have also elevated Rb/Cs (Fig. 6 ). The Zr/Hf (31-47) and Nb/Ta (8-18) ratios are highly variable; however, no difference is apparent between aillikites and mela-aillikites (Fig. 8 ). These ratios overlap the range reported for oceanic basalts (cf. Pfänder et al., 2007) . Mela-aillikites tend to have slightly higher Nb/U than the majority of aillikites Fig. 7) . Importantly, all Nb/U values are significantly higher than for average continental crust (ca. 8-12; Rudnick and Fountain, 1995) and fall within, or close to, the range of oceanic basalts (47 ± 10; Hofmann et al., 1986).
Sr-Nd-Hf-Pb isotope composition
The Torngat aillikites/carbonatites and mela-aillikites define an array in Sr-Nd-Hf isotope space between isotopically depleted and enriched end-members (Figs. 9 and 10). Aillikites/carbonatites show a wide range of initial 87 Sr/ 86 Sr (0.70323-0.70545; Q35 = 0.70713), e Nd (À3.1 to +1.8; Q35 = À4.9), and e Hf (À4.8 to +3.5; Q35 = À5.7) values. Although overlapping to a large extent, mela-aillikites have a more restricted, long-term enriched radiogenic isotope composition characterized by negative e Nd(i) (À3.9 to À0.5) and e Hf(i) (À6.0 to À0.6) at moderately radiogenic 87 Sr/ 86 Sr (i) (0.70388-0.70523). Aillikite samples with positive e Nd and e Hf have higher Fe 2 O 3 /FeO ratios (>1.7) than the remainder of the Torngat UML suite with negative e Nd and e Hf (Fig. 7e) . The Saglek block mela-aillikites fall along the Torngat Sr-Nd-Hf isotope array. Mela-aillikites Table 2 Major (wt%) and trace element (ppm) concentrations of Neoproterozoic carbonatite, aillikite, and mela-aillikite dykes from the Torngat Mountains and the Saglek block, North Atlantic craton, Labrador (Tappe et al., 2006 (Tappe et al., , 2007 . Pale grey field displays a typical 'Enriched Mantle' derived ocean island basalt trace element pattern for comparison (Eisele et al., 2002) . Note the striking similarity between the various aillikite/mela-aillikite patterns from Labrador with only subtle differences, for example, at Cs-Rb and Zr-Hf. PUM values are from Palme and O'Neill (2003) .
genic Pb isotope composition of aillikites/carbonatites from Aillik Bay on the central Labrador coast (Fig. 11) . (Fig. 12) . The isotopically most primary 'mantle-like' Torngat aillikite carbonates overlap the carbon and oxygen isotope composition of carbonates from type aillikites at Aillik Bay in central Labrador (Tappe et al., 2006) .
Carbon and oxygen isotope composition
DISCUSSION
Aillikite/carbonatite and mela-aillikite magma production occurred beneath the Torngat Mountains and the Saglek block along the western NAC margin between ca. 610 to 565 Ma (Figs. 1, 4 ). This UML magmatism was contemporaneous with long lasting aillikite and carbonatite igneous activity in the Aillik Bay area, central Labrador (ca. 590 to 555 Ma), and the Sisimiut-Sarfartoq-Maniitsoq areas of western Greenland (ca. 610 to 550 Ma) at the southern and northern NAC margins, respectively. Some of the Torngat and West Greenland UML/carbonatite dykes have been confirmed to contain diamonds (Digonnet et al., 2000; Nielsen and Jensen, 2005; Tappe et al., 2005) . Furthermore, Bizzarro and Stevenson (2003) demonstrated that garnet peridotite xenoliths recovered from the West Greenland examples had last equilibrated at pressures of up to 6.3 GPa. Thus, UML and carbonatite magma production beneath the NAC occurred, at least in some areas, at depths greater than 150 km, i.e., well within the diamond stability field.
In the following discussion we place constraints on the heterogeneities within the deep source region of the Torngat UML suite as revealed by their wide range of Sr-Nd-HfPb isotope compositions. An attempt is made to assign the contrasting isotopic components to discernable mineral assemblages and to shed light onto the melting mechanisms by which these components/assemblages were mobilized producing the aillikite/carbonatite and mela-aillikite continuum.
6.1. Source mineralogical control on aillikite/carbonatite and mela-aillikite magma compositions
High Mg and compatible trace elements
Despite the distinctly different carbonate modes and SiO 2 , Al 2 O 3 , Na 2 O contents of the Torngat aillikites/carbonatites and mela-aillikites, their high MgO, Ni, and Cr contents overlap and meet the criteria for near-primary peridotitic mantle-derived magmas (e.g., Mg# > 68; Ni > 320 ppm; cf. Frey et al., 1978) . Furthermore, the Torngat aillikites, as well as many other carbonate-rich UML from Labrador and West Greenland, broadly resemble near-solidus melt compositions experimentally produced from synthetic carbonate-bearing peridotite in the CMAS-CO 2 system at 6 GPa (Dalton and Presnall, 1998) (Fig. 3) . Although these experiments have limitations as to their applicability to natural magmas, because important components such as alkalis, H 2 O, FeO, TiO 2 , and P 2 O 5 are lacking, they demonstrate that partial melts produced from garnet peridotite under CO 2 -rich high-pressure conditions can have intermediate compositions between carbonate and ultramafic silicate melts. It is important here to note that the primitive CO 2 -poor Torngat mela-aillikites are different in some respects from these CMAS-CO 2 experimental melt compositions; they have higher Al 2 O 3 and lower MgO and CaO than the high-pressure run products at a given SiO 2 content (Fig. 3) . However, mela-aillikite major element compositions (e.g., SiO 2 , TiO 2 , Al 2 O 3 , CaO, and (Hofmann et al., 1986) . The arrow points towards the compositions of typical continental crust lithologies from cratonic areas. The dashed lines are visual aids enabling a better recognition of the subtle trace element differences between the isotopically depleted (positive eNd) and enriched samples (negative eNd). See text for further explanations. alkalis) are similar to melts produced experimentally from a synthetic Ti-rich hydrous ultrabasic glass at 4 and 8 GPa (Konzett, 1997) (Fig. 3) . This concordance strongly implies enhanced involvement of trace mineral assemblages ('veins') within peridotite during magma generation, as also suggested by a reconnaissance high-pressure melting experiment on a melilite-bearing UML from Antarctica (Foley and Andronikov, 2003) .
The high MgO of the Torngat UMLs is coupled to extremely high incompatible element concentrations (i.e., up to 700 Â PUM for the LREE), which are unlikely to be attained by partial melting of peridotite alone, not even at reasonably low degrees of partial melting within an incipient melting regime (Green and Falloon, 1998) . This apparent conflict can be readily explained by the presence of mixed source rocks (Irving, 1980; Menzies, 1983; Foley, 1992a,b; Harte et al., 1993) , where the vast majority of incompatible elements reside in non-peridotitic trace minerals such as phlogopite, Ti-oxides, and apatite (among others) that have been reported from composite mantle xenoliths. Hence, the Rb-Sr, Sm-Nd, Lu-Hf, and U-ThPb radiogenic isotope systems utilized here are unlikely to fingerprint signatures from a pure peridotite substrate, for which Os isotope compositions would be more suitable (Carlson et al., 1996 . Rather, they provide time-integrated information about the metasomatic component(s) in the mantle source region.
The large spread in Torngat aillikite/carbonatite and mela-aillikite Sr-Nd-Hf-Pb isotope ratios (Figs. 9-11) , with marked correlations between isotope systems, clearly reflects that more than one mantle source enrichment event had occurred during the protracted geologic history of the NAC. However, the strong similarity of the incompatible element distribution among UML types (Fig. 5) requires that multiple metasomatic overprinting of the peridotite substrate had produced some common trace element-rich minerals, which controlled incompatible element partitioning during both aillikite and mela-aillikite melt production. In order to better understand the metasomatic history of the Torngat UML magma source region, we now explore the nature of potential metasomatic minerals by integration of petrologic, geochemical, and isotopic information retrieved from the observed magma compositions.
High K and LFSE
Aillikite/carbonatite and mela-aillikite magma clearly segregated from a mantle source region that contained an early melting hydrous K-bearing phase. Phlogopite and K-richterite are known from metasomatized mantle assemblages (Dawson and Smith, 1977; Waters, 1987; Ionov and Hofmann, 1995; Grégoire et al., 2002 Grégoire et al., , 2003 , both being stable to pressures above 7 GPa (Sudo and Tatsumi, 1990; Foley, 1991; Konzett et al., 1997; Konzett and Ulmer, 1999) . Phlogopite is considered the most likely K-bearing phase in the melting assemblage of aillikites because of its potential to produce silica-undersaturated melts with extremely high K 2 O/Na 2 O ratios (11 ± 5 for Torngat aillikites). In contrast, K-richterite was demonstrated to melt out close to the solidus of ultramafic assemblages, yielding SiO 2 -richer melt compositions that are more akin to lamproites (Konzett, 1997; Foley et al., 1999) . The Torngat mela-aillikites show exactly this increase in SiO 2 (Fig. 3) , as well as lowered K 2 O/Na 2 O (6 ± 3), that would be expected if Krichterite enters a carbonate-rich melt similar to aillikite. However, K 2 O of the mela-aillikites is near-constant (2.7 ± 0.5 wt%) and overlaps the aillikites (2.4 ± 0.5 wt%), which indicates buffering by residual phlogopite during melt segregation. We reach this conclusion because K is a stoichiometric component in phlogopite and the K 2 O content in the melt will be near-constant as long as this phase is residual and the melting mode remains constant. Accordingly, K varies mainly as a function of the proportion to which phlogopite enters the melt. The K 2 O content of a melt in equilibrium with mantle phlogopite which melts to an extent of $20-50% (Greenough, 1988) is $1.6-5 wt%. The average K 2 O contents of aillikite and mela-aillikite are at the lower end of this range, which is consistent with lower K-saturation levels in SiO 2 -poor melts produced under CO 2 -rich conditions (Mengel and Green, 1989; Rogers et al., 1992) . Note that phlogopite precipitation from aillikite and mela-aillikite magma en route to the surface can be ruled out as the principle cause for the relatively low K 2 O contents, because of their high MgO contents and the presence of mantle-derived materials such as diamond, which is indicative of rapid magma ascent.
The impact of residual phlogopite on the incompatible element patterns of aillikites and mela-aillikites is clearly seen at the relative depletions of Cs and Rb, and the pronounced trough at K and Pb if compared to the highly incompatible HFSE (Th, U, Nb, Ta) and LREE (Fig. 5) . The higher Rb/Cs of the majority of mela-aillikites com- Fig. 8 . Nb/Ta vs. Zr/Hf ratios for Torngat and Saglek block aillikite/carbonatite and mela-aillikite dykes from northern Labrador. Despite significant variability in these HFSE ratios, no differences are apparent among the UML types. Fields for oceanic basalts and continental crust materials are shown for comparison (Pfänder et al., 2007) . The arrow indicates a presumed trend of a melt formed in the presence of residual rutile with Bulk Silicate Earth-like (BSE) Nb/Ta and Zr/Hf. pared to aillikites at a similar K concentration level (Fig. 6a) (Foley et al., 1996; Tiepolo et al., 2003) . However, Cs and Rb concentrations of this phase are an order of magnitude lower than in mantle phlogopite (Grégoire et al., 2002) , which is an essential phase during both aillikite and mela-aillikite magma production. Moreover, K-richterite is almost certainly consumed during partial melting (Konzett, 1997; Foley et al., 1999) , and so does not buffer the incompatible element distribution. Thus, the difference in Rb/Cs may indicate the presence of distinct phlogopite populations with variable Rb and Cs concentrations. Such differences in the trace element content among distinct phlogopite populations may be the result of growth from contrasting metasomatic agents (i.e., hydrous-vs. carbonate-dominated) during multiple metasomatic events, which are known to have overprinted the cratonic mantle in the region (Griffin et al., 2004; Tappe et al., 2007) . This interpretation is consistent with a slightly negative correlation between Rb/Cs and eNd (Fig. 7a) implying the high Rb/Cs signature of melaaillikites, and some aillikites, fingerprints an old hydrous metasomatized mantle lithology (phlogopite-and K-richterite-bearing) as opposed to a younger phlogopite-bearing metasomatic assemblage that largely contributed to the aillikite/carbonatite magma.
High Ti and HFSE
The extremely high TiO 2 concentrations of aillikites (5.3 ± 1.6 wt%) and mela-aillikites (6.6 ± 1.9 wt%) cannot be explained solely by melting Ti-rich silicates such as phlogopite (cf. Konzett, 1997) . As this high TiO 2 is coupled to extremely high Nb-Ta abundances (213 ± 68 and 212 ± 58 ppm Nb, respectively; >200 Â PUM), an early melting Ti-rich oxide phase seems to have largely contributed to the HFSE budget during melt production. Melting experiments on non-peridotitic ultramafic assemblages showed that ilmenite melts out quickly, whereas rutile persists to higher temperatures (Foley et al., 1999) . This observation makes ilmenite the more likely Ti-phase that contributed to both aillikite and mela-aillikite magmas accounting for the similar high levels of Ti, Nb-Ta, and Zr-Hf in these rock types (Fig. 5) . Furthermore, both the Nb-Ta and the Zr-Hf pair are mildly compatible with ilmenite/melt partition coefficients close to unity (Klemme et al., 2006) , which is consistent with the absence of significant Nb/Ta and Zr/Hf fractionation in the aillikite and Sr for Torngat and Saglek block aillikite/carbonatite and mela-aillikite dykes from northern Labrador. The inset shows the new Torngat isotope data in relationship to our choice of end-member compositions utilized for binary mixing calculations as illustrated in greater detail in Fig. 14 and Table 4 . Model A interprets the Torngat aillikite/carbonatite and mela-aillikite compositional continuum as binary mixtures between melts derived from long-term mildly depleted (worldwide carbonatites) and strongly enriched (West Greenland olivine lamproite) isotope end-member components. A similar approach was adopted in model B, where the long-term depleted end-member is represented by the most depleted carbonatite that has yet been reported (Kola Alkaline Province) and the enriched endmember by central Labrador Aillik Bay olivine lamproite derived from ancient hydrous metasomatized SCLM. Fields for West Greenland aillikites and olivine lamproites (Nelson, 1989) , Leucite Hills and Smoky Butte olivine lamproites (Fraser et al., 1985) , and South African kimberlites and orangeites are shown for comparison. Data for the aillikite/carbonatites and olivine lamproites from Aillik Bay can be found in Tappe et al. (2007) . mela-aillikite magmas (Fig. 8) . Some mela-aillikites show a marked increase in Ti and Zr-Hf (Fig. 5) accompanied by slightly increasing Nb-Ta contents. This appears to indicate that more ilmenite melted locally, presumably reflecting its heterogeneous distribution within the metasomatic source assemblages. Note that rutile is unlikely to be the source of this additional HFSE contribution to some of the mela-aillikites, because it would have significantly increased the Nb-Ta content and Nb/Ta ratio of the melt (Foley et al., 2000; Klemme et al., 2005) , which is not observed (Fig. 8) . By analogy to the elevated Rb/Cs of mela-aillikites, Zr/Nd and Zr/Sm ratios and thus the ZrHf * value of mela-aillikites ( Fig. 6b and c) show a rough negative correlation with eHf and eNd (Fig. 7b and c) . This implies that the additionally fused HFSE 4+ resided in a Ti-oxide phase, most likely ilmenite, which appears to be part of the old hydrous metasomatic assemblage. It furthermore appears that some of the carbonate-rich aillikites with negative eNd and eHf isotope signatures have assimilated some of this longterm enriched material in a rather erratic fashion given their still low Rb/Cs, Zr/Nd, and Zr/Sm ratios (Fig. 7a-c) , as well as low SiO 2 contents (Fig. 3) .
High P, LREE, and Th/U
Apatite must be an essential constituent of the source region of aillikites and mela-aillikites given their similarly high buffered P 2 O 5 concentrations (1.1 ± 0.7 and 0.8 ± 0.3 wt%). It is among the most important phases in controlling the REE and Th-U budgets of alkaline mantle-derived melts Klemme and Dalpe, 2003) , and the imprint of residual apatite on the incompatible element patterns of the Torngat UMLs may be seen at the Sr-P trough (Fig. 5) . Interestingly, this trough also occurs in the type aillikite pattern from Aillik Bay, but less pronounced. The Torngat UMLs have higher Th/U ratios (U trough) than the Aillik Bay type aillikites (U spike), which have higher modal carbonate contents but otherwise share an identical mineral assemblage (Tappe et al., 2006) . Given the strong influence of melt composition (i.e., silica activity) on apatite/melt trace element partitioning (Watson and Green, 1981; Klemme and Dalpe, 2003) , the observed difference in Th/U between the UML occurrences may reflect the presence of distinctively different apatite within the metasomatic source assemblages, i.e., apatite populations precipitated from silica-rich hydrous and/or carbonate-rich melts/fluids.
Origin of the carbonate
The d
13
C values of the aillikite and mela-aillikite carbonate fractions overlap (Fig. 12) , with values consistent for primary mantle-derived carbon (Deines, 2002) . However, only few aillikite carbonates exhibit mantle-like oxygen isotope compositions, i.e. <9& d 18 O SMOW (Clarke et al., 1994 ; Table 4 ) constructed between isotopically depleted radiogenic components (proxy for convective mantle-derived carbonate melt) and isotopically enriched unradiogenic components (proxy for hydrous metasomatized cratonic mantle-derived potassic melt). The underlying modelling assumptions are described in the main text and in the caption to Fig. 14 . Tick marks are at 5% intervals. Fields for West Greenland aillikites/kimberlites (Gaffney et al., 2007) , South African kimberlites and orangeites , Leucite Hills olivine lamproites (Salters and Hart, 1991) , and modern oceanic basalts (compilation retrieved from http://georoc.mpch-mainz.gwdg.de/georoc/) are shown for comparison. Data for the aillikite/carbonatites and olivine lamproites from Aillik Bay can be found in Tappe et al. (2007) . Terrestrial array after . Keller and Hoefs, 1995) . The majority of aillikite and all mela-aillikite carbonates have d 18 O SMOW values >9&, i.e., not in equilibrium with mantle peridotite (5.5 ± 0.5&; Mattey et al., 1994) . Mela-aillikite carbonates tend to be heavier in oxygen, typically >12& d 18 O SMOW , compared to aillikite carbonates (Fig. 12) .
Large variations in d
18
O accompanied by only small variations in d 13 C are known from carbonates in hydrothermally altered systems and volatile-rich ultramafic intrusives such as kimberlites (e.g., Kirkley et al., 1989; Santos and Clayton, 1995; Wilson et al., 2007) . The Torngat UML formed rapidly cooled small intrusive dykes that appear pristine down to the microscopic scale with olivine being preserved in most instances (Fig. 2) . Furthermore, concentrations of fluid-mobile elements such as Cs and Ba show only a restricted range (Fig. 5 ) and do not correlate with d
18 O. This excludes the possibility of carbonate oxygen isotope overprinting by externally-derived meteoric fluids. Wilson et al. (2007) modelled the closed-system oxygen isotope fractionation between primary kimberlite magmatic carbonates and coexisting magmatic CO 2 -H 2 O fluids as a function of temperature, fluid CO 2 /H 2 O ratio, and fluid/solid ratio. They demonstrated the strong influence of the fluid CO 2 /H 2 O ratio on the magnitude of oxygen isotopic fractionation at temperatures below 750°C, i.e., along a magmatic cooling path (see temperature scales in Fig. 12 ). For example, the d 18 O value of primary magmatic carbonate increases from approximately 7.5& to 17& upon cooling (1100 to 100°C) in the presence of a H 2 O-rich equilibrium magmatic fluid (low molar CO 2 /H 2 O of 0.25; Fig. 12 ). In the presence of a CO 2 -richer magmatic fluid (CO 2 /H 2 O of 0.5), however, the isotopic shift is lower (7.5-13& d 18 O) over the same temperature range (Wilson et al., 2007) . These modelled values compare quite well with the observed range of d
18 O values for the Torngat UML suite, i.e., the CO 2 -rich aillikites (bulk-rock CO 2 /H 2 O ratios of up to 5) show generally lower d 18 O values than the H 2 Orich mela-aillikites (CO 2 /H 2 O of 0.4 ± 0.4; Fig. 12) .
Hence, it appears that aillikite and mela-aillikite magmas tapped the same carbonated mantle source region given their 'primitive' overlapping carbonate d
13 C values. The observed variation in the carbonate oxygen isotope data is consistent with sub-solidus (low-temperature) isotope fractionation between this mantle-derived carbonate and magmatic fluids with distinctively different CO 2 /H 2 O. Our earlier proposal that explained the co-occurrence of carbonate-rich and carbonate-poor UML magma types in the Torngat Mountains by near-surface CO 2 -degassing Pb for Torngat and Saglek block aillikite/carbonatite and mela-aillikite dykes from northern Labrador. The cumulative 2r uncertainties for the initialized lead isotope ratios are relatively large as indicated by the whiskers for aillikites due to the combined effects of uncertainties from the high measured U/Pb ratios and large age corrections. The Torngat UMLs fall at the end of the Stacey and Kramers (1975) Pb to the carbonate-rich Torngat aillikites thereby shifting Pb isotope compositions towards mela-aillikites. Ancient enriched Laurentia SCLM as defined by potassic anorogenic magma compositions and micaceous SCLM xenoliths: Fraser et al. (1985) , Dudas et al. (1987) , Nelson (1989) , Carlson and Irving (1994) , Peterson et al. (1994) , O'Brien et al. (1995) , Mirnejad and Bell (2006) , and Tappe et al. (2007) . Modern oceanic basalt data were compiled from literature and database sources (http://georoc.mpch-mainz.gwdg.de/georoc/). The position of the present-day geochron was calculated for 4.55 Ga and initial Pb isotope composition similar to the Canyon Diablo troilite. (Tappe et al., 2004) appears invalid in view of the new isotope data. Such an open-system Rayleigh fractionation process would have produced a significant difference in the carbon isotope composition (Chacko et al., 1991; Ray and Ramesh, 2000; Deines, 2004) , which is not observed. Hence this implies that the different bulk-rock CO 2 /H 2 O ratios and modal carbonate abundances of aillikites and mela-aillikites are inherited from the magma source region. The stable isotope evidence for a primordial origin of the carbon for the CO 2 -rich magmatism of the NAC between 610 and 550 Ma (see also Tappe et al., 2006) suggests the recently inferred 'surface' origin of this magmatic carbonate within the 'subducted oceanic crust model' by Gaffney et al. (2007) is incorrect.
Origins of the depleted and enriched Sr-Nd-Hf isotope components
Torngat aillikites/carbonatites and mela-aillikites form well defined arrays in Sr-Nd-Hf isotope space (Figs. 9 and 10) implying that the peridotite mantle source region contained two isotopically distinct metasomatic assemblages. An isotopically mildly depleted isotope component is identified in some aillikites/carbonatites with initial 87 Sr/ 86 Sr 60.7038, eNd P+1.2, eHf P+1.4, and 206 Pb/ 204 Pb P18.2 (Figs. 9-11 ). The extremely high incompatible element concentrations of these primitive carbonate-rich rocks, along with elevated ferric/ferrous ratios, suggest that isotopically depleted oxidized melt was extracted during very low degrees of partial melting of convecting upper mantle material shortly prior to the onset of UML magmatism at ca. 610 Ma. An asthenospheric origin of the carbonate-rich material is in keeping with similar mildly depleted Sr-Nd-Hf isotope compositions of similar old aillikites/carbonatites from central Labrador and West Greenland (Nelson, 1989; Tappe et al., 2006 Tappe et al., , 2007 Gaffney et al., 2007) . This indicates that the extraction of CO 2 -rich low-degree melts from the asthenosphere was a widely operating process beneath the NAC lithosphere during the Late Neoproterozoic. However, calculated Nd and Hf depleted mantle model ages for the isotopically depleted aillikites/ carbonatites range between 1.0 and 1.1 Ga (Table 3) , thus, indicating that an older component is likely to be involved in their genesis.
A long-term enriched isotope component, with initial 87 Sr/ 86 Sr >0.7038, negative eNd and eHf, and 206 Pb/ 204 Pb as low as 17.8, is identified in carbonate-poor Torngat mela-aillikites, but importantly, it is also present in some of the aillikites (Figs. 9-11 ). All of these 'enriched' samples have lower ferric/ferrous ratios than 'depleted' aillikites ( Fig. 7e) and their calculated Nd-and Hf-depleted mantle model ages are slightly older (1.1-1.4 Ga). If these model ages represent mixtures of the widely recognized carbonate-rich isotopically depleted component and long-term enriched material, then the enriched 'more reduced' component can be assumed to be significantly older than 1.4 Ga.
Recycled ancient continental crust-derived material can be ruled out as the source of this enriched component given the generally high Ce/Pb and Nb/U of the Torngat UMLs. The Nb/U ratios correlate positively with silica and negatively with eNd (Fig. 7d) ; an opposite relationship would 
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O relative to PDB and SMOW, respectively) of bulk-rock carbonate fractions from the Torngat and Saglek block aillikite/carbonatite and mela-aillikite dykes from northern Labrador. Open-system CO 2 -degassing and concomittant Rayleigh fractionation processes, as well as low-temperature magmatic fluid-related processes have the potential to change primary stable isotope compositions as illustrated by arrows (see Deines, 2002 Deines, , 2004 Wilson et al., 2007) . The temperature scales at the bottom refer to two closed-system isotopic fractionation models between primary magmatic carbonates and magmatic fluids with different CO 2 /H 2 O. See main text and Wilson et al. (2007) for more details. Dark grey field for worldwide carbonatites was compiled from literature sources and data are available from the first author upon request. An outline for the Aillik Bay aillikite (darker) and carbonatite (paler) bulk-rock carbonates is shown for comparison (Tappe et al., 2006) . Symbol size is larger than the 2r uncertainty.
be expected if recycled continental crust material represents this isotopically enriched component (Hofmann et al., 1986; Carlson et al., 1996) . Furthermore, it should be noted that the initial Sr-Nd-Hf-Pb isotope signatures of mela-aillikites are unlike any of the time-integrated isotope compositions from crustal lithologies in the region (cf. Taylor et al., 1980; Collerson et al., 1989; Blichert-Toft et al., 1999; . This excludes the possibility of a relationship between aillikite and mela-aillikite magmas by assimilation of continental crust en route to the surface.
In Sr-Nd-Hf isotope space, the isotopically most enriched Torngat samples fall near to the Mesoproterozoic Aillik Bay olivine lamproites (Figs. 1, 9, and 10) . Moreover, it appears that the enriched mantle component that contributed to the Torngat UML magmas has strong resemblance to the type of isotopically enriched mantle identified in many other North American primitive potassic rock suites such as the West Greenland, Leucite Hills, and Smoky Butte olivine lamproites (Fig. 9) . The magma source regions of each of these potassic rock suites must have had a common history of relatively low time-integrated Rb/Sr but extreme LREE and HFSE enrichment (low time-integrated Sm/Nd and Lu/Hf), and it is generally believed that isotopic evolution of certain frozen metasomatic melts/fluids isolated within cratonic mantle lithosphere can develop such peculiar isotope signatures (Fraser et al., 1985; O'Brien et al., 1995; Davies et al., 2006; Mirnejad and Bell, 2006) . There is an increasing body of evidence to support the view that minor mantle phases such as metasomatic Ti-oxides and pyroxenitic clinopyroxene are much more likely to be the principal source of negative eHf signatures than peridotitic clinopyroxene and garnet Choukroun et al., 2005) , which are the major hosts of Hf in the SCLM . A number of studies have demonstrated that peridotitic clinopyroxene and garnet are characterized by extremely radiogenic 176 Hf/ 177 Hf typically exceeding +10 eHf, even if their Sr and/or Nd isotope compositions indicate long-term enrichment (Schmidberger et al., 2002; Carlson et al., 2004; Ionov et al., 2005; Simon et al., 2007) . Note that cratonic eclogites can also be a source of negative eNd and eHf (Jacob et al., 2005) , but their trace element budget is too low to cause a significant imprint on the Nd-Hf isotope systematics of highly incompatible element enriched magmas.
Although similar mantle source enrichment patterns with respect to the LFSE (Rb-Sr), LREE (Sm-Nd), and HFSE (Lu-Hf) can be recognized in potassic magmas erupted across Laurentia (Figs. 9 and 10) , there are marked differences in terms of the U/Pb evolution, even between neighbouring cratonic segments. This is best illustrated by the less radiogenic 207 Pb/ 204 Pb of the Saglek block UMLs compared to the Torngat UMLs at similar 206 Pb/ 204 Pb ratios (Fig. 11) , but the origin of this difference is not clear to us at present. Unfortunately, we have no direct age constraints on the timing of the ancient mantle enrichment event that affected the western NAC margin before 1.4 Ga. However, inferences from other regions suggest that there was regionally widespread hydrous metasomatic overprinting of the Laurentian cratonic mantle during the Paleo-and Mesoproterozoic (Dudas et al., 1987; Peterson and LeCheminant, 1993; Morin et al., 2005) , e.g. at ca. 1.8 Ga beneath the Wyoming craton (Carlson and Irving, 1994; Rudnick et al., 1999) . This period of enhanced mantle overprinting may have been a consequence of failed alkaline magmatism beneath the newly assembled stagnant supercontinent configuration (Hoffman, 1989) .
6.4. Petrogenesis of the Torngat ultramafic lamprophyre suite 6.4.1. Physical appearance of deep magma source heterogeneities An important constraint on the location of the mantle source region comes from the thermal stability of the required source mineralogy. We have pointed out that phlogopite is essential in the melting assemblage of both aillikite and mela-aillikite magmas and this phase, along with many other of the inferred source assemblage minerals, are not stable at convecting upper mantle temperatures ($1480°C; McKenzie and Bickle, 1988) . Phlogopite is stable, however, at P-T conditions of the cooler mantle lithosphere (Mengel and Green, 1989; Sweeney et al., 1993; Konzett, 1997; Ulmer and Sweeney, 2002) and this restricts aillikite and mela-aillikite melt equilibration to cratonic mantle portions (<1400°C; McKenzie et al., 2005) . It does not, however, rule out a contribution from the convecting asthenospheric upper mantle (see previous section), e.g., in the form of metasomatizing melts/fluids.
There exists a general consensus among experimental petrologists that the generation of SiO 2 -poor, alkali-and volatile-rich melts cannot be produced by melting of peridotite alone (Arima and Edgar, 1983a,b; Foley, 1992a,b; Konzett, 1997; Ulmer and Sweeney, 2002; Mitchell, 2004) . Recently, Foley et al. (2002) and Tappe et al. (2006) have invoked a vein-and-wall rock melting mechanism for the genesis of UML magmas similar to the model developed for the generation of lamproite melts by Foley (1992a) . The veins reside in the lower reaches of the peridotite dominated cratonic SCLM and represent frozen convective mantle-derived low-degree melts produced under various oxygen fugacity and volatile conditions (cf. Green et al., 1987) , which can lead to a variety of vein compositions (Foley, 1988 (Foley, , 1992b . Whether UML or lamproite magma is produced critically depends on the nature of the vein assemblage, i.e., phlogopite-carbonate dominated veins for aillikites as opposed to phlogopite-richterite-clinopyroxene dominated veins for lamproites. Hence, a plausible scenario for aillikite melt generation could invoke remelting of young phlogopite and carbonate plus minor apatite and Ti-oxide veins in garnet peridotite at the craton base producing potassic, hybrid carbonate-ultramafic silicate magma batches. This mechanism can account for both the thermal stability of the essential hydrous source mineralogy and the juvenile radiogenic isotope signature of aillikites since the veins originate as oxidized low-degree CO 2 -rich potassic silicate melts from the convective mantle shortly beforehand and, thus, largely control the incompatible element budget of the magma blend. However, the closely associated mela-aillikites fingerprint more reduced longterm isotopically enriched material within the Torngat UML magma source region and we have demonstrated that this component most likely resided in an old phlogopite-, K-richterite-, Ti-oxide-, and apatite-bearing assemblage. Such hydrous dominated, Ti-rich metasomatic assemblages are known from many cratons worldwide including the Wyoming and Churchill Provinces of Laurentia (Peterson and LeCheminant, 1993; Carlson and Irving, 1994; Downes et al., 2004) . They form part of mantle-derived xenolith suites entrained by volatile-rich mafic/ultramafic magmas and appear to represent reaction products between hydrous alkaline melts of lamproitic composition and cratonic peridotite (Waters, 1987; Sweeney et al., 1993; Konzett et al., 1997; Grégoire et al., 2002; Downes et al., 2004) . Rarely observed contact relationships indicate these assemblages form veins and striations within the deeper parts of cratonic lithosphere (Kramers et al., 1983; Waters and Erlank, 1988; Waters et al., 1989; Carlson and Irving, 1994; Rudnick et al., 1999) . Among the various hydrous dominated metasomatic assemblages reported, the MARID suite of xenoliths (mica-amphibole-rutile-ilmenite-diopside; Dawson and Smith, 1977) from the Kaapvaal craton is by far the most investigated in terms of geochemistry and phase petrology. MARID nodules are highly enriched in incompatible elements (Kramers et al., 1983; Grégoire et al., 2002) and were shown to have crystallized at pressures higher than 4 GPa (Konzett, 1997; Konzett et al., 1997) , i.e., within the diamond stability field. They have extreme isotopic compositions, e.g., rutiles with highly variable eHf ranging between À55 and +110 (Choukroun et al., 2005) , testifying to a complex magmatic history.
In short, the above line of reasoning suggests a role for young carbonate-bearing and older hydrous dominated MARID-type vein assemblages in the genesis of the Torngat UML suite. The observed aillikite/carbonatite and mela-aillikite continuum is best explained by the concomitant fusion of these contrasting vein assemblages, which have been introduced into the deep cratonic mantle during previous melting events, but under distinctively different physicochemical conditions due to largescale structural changes within the NAC lithosphere (Fig. 13) .
Course of melting events
As pointed out previously, the isotopically most enriched aillikites and mela-aillikites approach the Sr-NdHf-Pb isotope compositions of olivine lamproites from central Labrador and West Greenland (Figs. 9-11 ), which were emplaced between 1400 and 1200 Ma. This Mesoproterozoic lamproite magmatism in the NAC region appears to have been confined to the craton margins (Fig. 1) . Lead isotopic constraints suggest that melt/fluid-related lithospheric lamproite source enrichment occurred between ca. 2400 and 2100 Ma (Nelson, 1989; Tappe et al., 2007) , i.e., during the course of the Paleoproterozoic Laurentia amalgamation. It can be inferred from our isotope data that the MARID-type vein assemblage identified within the Torngat UML magma source region was presumably also produced during this time period (>1400 Ma). This metasome, however, did not produce lamproite magma beneath the Torngat Mountains and the Saglek block during the Fig. 13 . Cartoon illustrating the petrogenesis of the Torngat aillikite/carbonatite and mela-aillikite compositional continuum. Important steps that may have preconditioned the magma source region and eventually led to the spectrum of hybrid UML magmas encompass: (1a) Formation of MARID-type veins within lower reaches of the NAC lithosphere before ca. 1400 Ma, presumably during the Paleoproterozoic. (1b) Injection of oxidized low-degree CO 2 -rich convective mantle-derived melts into this pre-existing more reduced cratonic vein network shortly prior and subsequently to ca. 610 Ma; this produced phlogopite-carbonate dominated veins. (2) Remelting of these carbonate-rich veins, which triggered volatile-fluxed melting of cratonic peridotite and the concomitant fusion of old hydrous MARID-type vein assemblages; this produced the Torngat aillikite/carbonatite and mela-aillikite melt continuum at ca. 610 and 565 Ma.
Mesoproterozoic, presumably owing to a steeper cratonic geotherm in this particular area.
During the Late Neoproterozoic, pronounced stretching and thinning of the North Atlantic cratonic lithosphere occurred throughout contiguous Laurentia and Baltica between ca. 610 and 550 Ma (Doig, 1970; Torsvik et al., 1996) . Numerous carbonatite intrusions, many of which are associated with carbonate-rich UML magmas, were emplaced through zones of persistent lithospheric weakness such as the present-day St. Lawrence Valley and Labrador Sea rift systems (Doig and Barton, 1968; Larsen and Rex, 1992; Tappe et al., 2007) . The Torngat UML magmatism occurred within this tectonic framework of incipient rifting of thick cratonic lithosphere with low-degree CO 2 -rich melt fractions, produced from regionally upwelling convective mantle material, continuously leaking into overlying cratonic mantle peridotite. In addition, these more oxidized CO 2 -rich melts may have been preferentially channelled into the pre-existing more reduced MARID-type vein network within the lower reaches of the Torngat cratonic lithosphere, where they solidified as phlogopite-carbonate dominated veins. Continued lithosphere stretching may have caused the quasi-instantaneous remelting of the low-T fusible carbonate-rich veins, thereby inducing volatilefluxed melting of the MARID-type veins and ambient cratonic peridotite, which eventually gave rise to the Torngat aillikite/carbonatite and mela-aillikite melt continuum at 610 to 565 Ma (Fig. 13) .
To which side of the compositional continuum a melt batch falls is a function of vein abundances, proportions, and their spatial distribution within the peridotite substrate. We view this rather complex melting scenario as a sequence of incongruent melting reactions affecting a wide range of trace element-rich solid solutions, so that pre-existing differences in the bulk incompatible element distribution between the two metasomatic assemblages will be largely masked (cf. Reiners, 1998) . However, the isotopic differences observed within the Torngat UML suite provide compelling evidence for melting of a highly heterogeneous multiply metasomatized mantle source region (Fig. 13) . In the following section we will test and quantify this petrogenetic model by means of the available isotope information.
Quantitative constraints on a possible melting scenario
Important steps that may have preconditioned the Torngat UML magma source region and eventually led to aillikite/carbonatite and mela-aillikite melt production encompass: (Fig. 13) .
Whereas significant amounts of incompatible elements are pre-concentrated during Steps 1a and 1b, the high-degree partial melt produced from cratonic peridotite during
Step 2a seems insignificant in terms of the incompatible element budget of the hybrid UML magmas. Hence, only the isotope compositions of the carbonate-rich and MARIDtype veins are considered in a Sr-Nd-Hf-Pb isotope mixing model (Fig. 14) . Unfortunately, the curvature of a potential mixing relationship between isotopically depleted and enriched materials, as suggested by the Torngat data, is not sufficient to define the involved end-member compositions by means of the mixing hyperbolae asymptotes . For this reason we have performed isotope mixing calculations between plausible end-member compositions ( Fig. 14; Table 4 ), which will be assessed along with the elemental abundances required below.
It seems reasonable to assign the isotopically depleted carbonate-rich vein component, identified in aillikites/carbonatites, to CO 2 -rich convective mantle-derived melts. Our compilation of high-quality Sr-Nd isotope data from more than 500 carbonatites from over 50 worldwide occurrences shows that there is a convergence of the data array towards a cluster between 0.7029 and 0.7037 87 Sr/ 86 Sr and from +2.8 to +5.8 eNd (Fig. 9) . This indicates that the vast majority of worldwide carbonatites have mildly depleted isotope compositions similar to the Sr-Nd isotope compositions of many ocean island basalts (cf. Nelson et al., 1988) . However, one must be cautious when trying to model mixing relationships between melts that formed early in Earth history, i.e., at ca. 610 and 565 Ma, given the isotopic evolution of the crust-mantle system and the fact that the database is dominated by carbonatites younger than 200 Ma. Our 'depleted' end-member choice is therefore twofold: First, we use a 'mildly depleted' Sr-Nd isotope end-member composition that falls at the unradiogenic side of the worldwide carbonatite cluster (model A;
87 Sr/ 86 Sr = 0.7029; eNd = +3; Figs. 9, 10, 14) . This rather conservative end-member choice is independently supported by similar Sr-Nd isotope compositions of carbonatite and phlogopite-poor aillikite dykes from the Sarfartoq and Maniitsoq areas in West Greenland ( Fig. 9 ; Nelson, 1989) , which have ages within the Torngat UML range. Second, we use the most depleted Nd isotope composition of carbonatites yet reported (eNd = +7.1; 87 Sr/ 86 Sr = 0.7030), which is viewed as a more extreme scenario (model B; Figs. 9, 10, and 14) . These isotopically strongly depleted carbonatites occur in the Sokli and Kovdor complexes (Kramm, 1993; Lee et al., 2006) , forming part of the ca. 380-Ma-old Kola Alkaline Province that is known to contain UML intrusives (Beard et al., 1996; Downes et al., 2005) .
Mixing hyperbolae can be fit from the two long-term depleted carbonate-rich end-members through the Torngat UML Sr-Nd isotope dataset to 1400-and 1200-Ma-old olivine lamproites from central Labrador ( 87 Sr/ 86 Sr = 0.7073; eNd = À15.9) and West Greenland ( 87 Sr/ 86 Sr = 0.7088; eNd = À35.4), which have been time-integrated to 582 Ma (Figs. 9, 14a ; the Rb/Sr ratio was corrected for 20% melting-related parent/daughter element fractionation). These lamproite isotope compositions are our best available proxy for the long-term enriched MARID-type component (Nelson, 1989; Tappe et al., 2007) , because lamproitic melts were shown experimentally and geochemically to play a crucial role in MARID formation (Waters, 1987; Konzett et al., 1997) . Moreover, lamproites represent the only magma type that may exceed the incompatible element concentrations of carbonatite liquids (cf. Foley et al., 1987; Mitchell and Bergman, 1991) . This is an essential prerequisite for the melt fraction that carried the isotopically enriched component, because the increase of the Hf concentrations towards some of the most isotopically enriched mela-aillikites ( Fig. 6b and c) , along with pronounced Sr-Nd-Hf isotope coupling ( Fig. 14a and b) , requires that the enriched component contributed disproportionately large amounts of these elements to the UML magma blends. Thus, the most extreme lamproite Sr, Nd, Hf, and Pb concentration level was chosen for the longterm isotopically enriched MARID-type component (cf. Mitchell and Bergman, 1991) , whereas concentrations from the low end of reported carbonatites were assigned to the long-term depleted component (Table 4) .
The Hf isotope composition of our 'mildly depleted' endmember (model A; eNd = +3; eHf = +4.4) was guided by carbonatite and phlogopite-poor aillikite dyke compositions from Sarfartoq and Maniitsoq, West Greenland (Bizzarro Fig. 14. Combined Sr-Nd-Hf-Pb isotope variation diagrams for Torngat and Saglek block UML dykes from northern Labrador. The bottom panels (a-c) depict our binary mixing models A and B in Sr-Nd, Nd-Hf, and Nd-Pb isotope space. Mixing calculations were performed between isotopically depleted 'carbonatite-like' and enriched 'MARID-type' components. Tick marks are for 5% intervals and the chosen end-member parameters are summarized in Table 4 . Enlarged portions of the model A and B mixing hyperbolae are shown in the middle (d-f) and top (g-i) panels, respectively. This modelling suggests that the incompatible element budget of the majority of aillikite/ carbonatite is dominated by a mildly depleted convective mantle-derived component. However, contribution of ca. 5-12% incompatible elements from a long-term enriched isotopically extreme component such as MARID-type veins to the depleted carbonate-rich component can explain the compositional shift from aillikites towards mela-aillikites. Gaffney et al., 2007) . The Hf isotope composition of the more depleted end-member (model B; eNd = +7.1; eHf = +12.8) was chosen by extrapolating eNd to the terrestrial Nd-Hf isotope array of (Figs. 10,14b ). This seems reasonable in view of the general paucity of carbonatite Hf isotope data. The West Greenland lamproite eHf values were retrieved in a similar manner (eNd = À35.4; eHf = À45 at 582 Ma), whereas the Hf isotope composition of the central Labrador olivine lamproites is known (eNd = À15.9; eHf = À27.6 at 582 Ma; Tappe et al., 2007) . The 206 Pb/ 204 Pb values of the two long-term depleted end-members were assigned as 19.0 for mildly depleted upper mantle (FOZO of Hauri et al., 1994) and 18.7 for the most depleted carbonatites from the Kola Peninsula (Beard et al., 1996; Lee et al., 2006) . The 206 Pb/ 204 Pb ratios of the central Labrador and West Greenland lamproites (15.45 and 14.83 at 582 Ma, respectively) serve as a proxy for the range of Pb isotope compositions of old MARID-type metasomes beneath the NAC margins ( Fig. 14c ; Nelson, 1989; Tappe et al., 2007) .
The following relationship between Torngat aillikites/ carbonatites and mela-aillikites is supported by our modelling ( Fig. 14d-i ; Table 4 ): Remelting of young phlogopitecarbonate dominated veins triggering volatile-fluxed melting of the surrounding peridotite (Step 2a) can reproduce the isotopic composition of the most depleted aillikites/carbonatites, which appear to have incorporated only very small volumes of the older isotopically enriched MARIDtype material (62-5%). Our data require no more than 5-12% trace element contribution from this MARID-type component to a 'pure' carbonated silicate magma blend (i.e., Sarfartoq aillikites) in order to explain the observed deflection towards more enriched Sr-Nd-Hf-Pb isotope compositions as exemplified by mela-aillikites and some aillikites. This rather restricted MARID contribution to the overall Torngat UML trace element budget is in good agreement with the similar 'carbonatite-like' incompatible element patterns of aillikites/carbonatites and mela-aillikites, with only subtle variations exhibited by the latter (Fig. 5) . It furthermore reinforces our suggestion that this MARID-type component is volumetrically small, albeit geochemically and isotopically extreme, and most likely represents an old cratonic vein network (Fig. 13 ).
IMPLICATIONS FOR CRATONIC CARBONATITE AND POTASSIC MAGMATISM
Whereas the majority of carbonate-rich magmas ultimately originate from the convective upper mantle, cratonic potassic magmas are mainly derived from metasomatized lithospheric mantle sources. This relatively straightforward scenario has emerged from experimental and isotopic studies over the past few decades. However, as each craton has a unique metasomatic history, we are left with a proliferation of primitive potassic magma compositions compared to relatively uniform convective mantle-derived magmas such as common basalts and even the less common carbonatites. Further diversification of potassic magma compositions may arise from interactions between cratonic metasomes and convective mantle-derived magmas, which presumably was the impetus for potassic magmatism in a number of alkaline rock provinces.
On the basis of new isotope data for the diamondiferous Torngat ultramafic lamprophyres, we made a case for interaction between ancient MARID-style veined lithospheric mantle, which is a commonly envisaged cratonic lamproite source, and CO 2 -rich melts/fluids of carbonatitic affinity invading from the convective asthenospheric mantle. The first conclusion to be drawn from our petrogenetic model is that the carbonate-rich magma production itself appears to be induced by stretching and thinning of the overlying cratonic lithosphere alone. Temperatures at the lithosphere-asthenosphere boundary must have been high enough for carbonate material to melt (>1000°C), but no higher than 1250°C (corresponding to a 40 mWm À2 cratonic geotherm at ca. 180 km depth) to prevent the MAR-ID-type assemblage from independent 'lamproite' melt generation, which has not occurred beneath the Torngat Mountains. Hence this implies that the ancient MARIDtype metasome has been remobilized solely by CO 2 -fluxing during the course of regionally widespread extension-related carbonate magmatism between ca. 610 and 550 Ma. Kramm, 1993; Lee et al., 2006) . c Isotopic compositions of Aillik Bay (central Labrador; Tappe et al., 2007) and Sisimiut (West Greenland; Nelson, 1989) lamproites are time-integrated to 582 Ma (Rb/Sr was corrected for 20% of parent/daughter element fractionation upon melting).
This finding rules out the direct influence of a mantle plume on Late Neoproterozoic UML/carbonatite magma generation within the North Atlantic region as proposed by Tachibana et al. (2006) on noble gas isotopic grounds.
Second, it appears that the low thermal stability of carbonate-bearing assemblages under conditions of the deep cratonic mantle drastically limits the lifetime of carbonate-bearing veins compared to hydrous dominated carbonate-free vein assemblages such as MARID. This difference may help to explain the typically observed contrasting isotope signatures of otherwise similarly strong incompatible element enriched UML/carbonatite and lamproite magmas. Significant long-term radiogenic in-growth is characteristic for the hydrous metasomatic vein assemblages of anorogenic lamproites, whereas it is not facilitated within relatively short-lived carbonate-bearing vein assemblages of cratonic UML/carbonatites.
Third, we concur with Wyllie's (1989) and Eggler's (1989) notion that direct eruption of primary convective mantle-derived carbonatite may be a rare event because our model is consistent with the high potential for CO 2 -rich melts to interact with lithospheric mantle. For the North Atlantic craton, we suggest that apart from the initial CO 2 abundances in the source region, the degree of interaction is an important factor in controlling whether CO 2 (i) remains dissolved in carbonated silicate magmas, enabling separation of carbonatite intrusions at crustal levels or (ii) largely reacts out at mantle depths resulting in carbonate-poor, SiO 2 -undersaturated UML magmas, as in the Torngat example.
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